OBJECTIVEdType 1 diabetes is associated with a markedly increased risk of stroke, but only a few studies on the incidence of stroke in type 1 diabetes exist. Therefore, we assessed the incidence of stroke in patients with type 1 diabetes and studied the impact of diabetic nephropathy (DN) and severe diabetic retinopathy (SDR) on this risk.
T ype 1 diabetes accelerates the atherosclerotic process in blood vessels, leading to micro-and macrovascular complications, stroke being one of these. These complications account for the markedly increased risk for early mortality associated with type 1 diabetes (1).
Although stroke is a severely disabling complication, scarce data exist on cerebrovascular disease in type 1 diabetes. In patients with type 1 diabetes, stroke occurs fivefold more often than in nondiabetic subjects (2) , and up to 20-fold more often in patients under the age of 50 years (3). The incidence of stroke and its subtypes in Finnish patients with type 1 diabetes is not known. The two major stroke subtypes are ischemic and hemorrhagic. Based on the phenotypic characteristics of the clinical stroke syndrome and the radiological features, ischemic stroke can be dichotomized as nonlacunar (i.e., large-vessel stroke mostly due to either atherosclerosis of the carotid artery or cardioembolism) or lacunar (i.e., occlusion of a single small perforating artery) (4) .
Stroke is generally considered a macrovascular complication of diabetes. In nondiabetic subjects, however, every fourth ischemic stroke is lacunar (5) and, thus, of microvascular origin (6) . In young patients with type 1 diabetes, even more than half of the strokes are microvascular according to the TOAST (Trial of Org 10127 in Acute Stroke Treatment) classification system (7). Type 2 diabetes has previously been thought to be associated with lacunar infarctions; however, this association was not confirmed in a meta-analysis (8) , and the method used to classify strokes as microvascular influenced the association with diabetes. Although the role of diabetes in lacunar infarctions remains unclear, there seems to be a link between cerebrovascular small-vessel events and small-vessel disease in other organs such as the retina (9) and the kidney (10) in nondiabetic subjects. This could in turn suggest a link between the diabetic microvascular complications diabetic nephropathy (DN) and diabetic retinopathy and microvascular stroke.
DN and diabetic retinopathy increase the risk for stroke in patients with type 2 diabetes (11, 12) . In patients with type 1 diabetes, registry-based studies present similar results, especially for DN (3, 13) . However, how these diabetes complications independently affect the risk for cerebral infarctions, hemorrhages, and especially microvascular stroke in type 1 diabetes is unknown.
We, therefore, aimed to assess the incidence of stroke and its subtypes in a well-characterized cohort of patients with type 1 diabetes. We further aimed to study the impact of DN and severe diabetic retinopathy (SDR) on this risk.
RESEARCH DESIGN AND
METHODSdAll patients were part of the Finnish Diabetic Nephropathy (FinnDiane) study, a nationwide multicenter study with the aim to uncover genetic, clinical, and environmental risk factors for micro-and macrovascular complications of type 1 diabetes. The study population consists of patients with type 1 diabetes from all over Finland. All adult patients with type 1 diabetes attending the 77 participating study centers' (Supplementary Data) diabetes and/or renal outpatient clinics were consecutively asked to participate in the study. The baseline visits began in 1998 and are still ongoing, and followup visits have been conducted since 2004. The patient's attending physician completed a questionnaire where information on the patient's medical condition appeared. For this study, we included all the 4,083 patients with type 1 diabetes in the FinnDiane database without a history of stroke at baseline and complete information on SDR as well as stroke during follow-up available. Due to unclear information on stroke at baseline or during follow-up, 15 patients were excluded. In addition, two patients were excluded due to subdural hemorrhages, one due to traumatic hemorrhage, one due to perinatal cerebral hemorrhage, and one due to hypertensive encephalopathy. The local ethics committee of each center approved the study protocol, and the study was performed in accordance with the Declaration of Helsinki. Each participating patient signed a written consent.
Diabetes and diabetes complications Type 1 diabetes was defined as diabetes diagnosis before 40 years of age and insulin medication commencement within 1 year after diagnosis. At baseline, the mean age was 37.4 6 11.8 years, the mean duration of diabetes was 21.6 6 12.1 years, and 52% of the patients were men. Each patient collected timed urine samples for the measurement of the urinary albumin excretion rate (UAER). Kidney status was defined based on the UAER measured from two out of three overnight or 24-h urine collections. A normal UAER was defined as ,20 mg/min or ,30 mg/24 h (n = 2,482, 61%), microalbuminuria as a UAER $20 and ,200 mg/min or $30 and ,300 mg/24 h (n = 510, 12%), and macroalbuminuria as a UAER $200 mg/min or $300 mg/24 h (n = 549, 13%). End-stage renal disease (ESRD) was defined as ongoing dialysis treatment or kidney transplantation (n = 289, 7%). In 253 (6%) patients, the renal status remained unclassified. DN was defined as having either macroalbuminuria or ESRD. SDR was defined as laser treatment of the retina (n = 1,375, 34%), a surrogate marker for proliferative retinopathy. Of the patients with classified renal status, 2,414 (63%) had neither DN nor SDR, 578 (15%) had only SDR, 118 (3%) had only DN, and 720 (19%) had both diabetes complications.
Blood pressure was measured twice in the sitting position with a 10-min rest before the first measurement, and the mean values of these two measurements were calculated for both systolic blood pressure (SBP) and diastolic blood pressure (DBP). BMI was calculated as weight divided by square meters of length (kg/ m 2 ). Serum samples were analyzed for lipids and lipoproteins. History of smoking was defined as current smoking of at least one cigarette per day or, if the patient had quit, earlier history of smoking.
Stroke
Patients that suffered a stroke during follow-up were identified from three different sources: the FinnDiane questionnaires (either from the baseline visit or the follow-up visit), death certificates retrieved from Statistics Finland by March 2010, and the National Hospital Discharge Register based on the ICD-10 (codes I60-I64) by December 2009. Medical records, computed tomography (CT), and magnetic resonance (MR) images of the patients with an identified stroke were then ordered from the hospital where the patients had been treated.
Based on the medical files, brain images, and autopsy findings, two stroke neurologists (J.P. and R.L.) classified all strokes that presented with clinical symptoms as either cerebral hemorrhage or cerebral infarction. An experienced neuroradiologist was consulted where necessary. Cerebral infarctions were further classified as nonlacunar or lacunar. We defined lacunar infarction as one of the known lacunar syndromes with a brain imaging lesion corresponding with the occlusion of a single perforating artery. When no such lesion was visible on imaging, classification relied on established criteria of unilateral motor or sensory signs, or both, involving at least two out of three body parts (face, arm, and leg) without disturbance of cortical functions or consciousness (14) . Hemorrhagic transformation of a cerebral infarction was classified as cerebral infarction. Cerebral hemorrhages were classified as deep spontaneous, lobar spontaneous, or hemorrhage into the subarachnoid space. Stroke was defined as fatal if the patient died within 30 days from onset of the symptoms. Follow-up time was calculated from the baseline visit until the last date the patients were known to be free of stroke, or until the date of the first stroke for those who suffered a stroke.
Statistical analyses All variables were tested for normal distribution. Parametric continuous variables were analyzed with the Student t test; results are presented as means with SDs. Nonparametric continuous variables were analyzed with the Mann-Whitney U test; results are presented as medians with interquartile range. The difference in categorical variables between groups was tested with the x 2 test. Person-years of follow-up were calculated as the sum of the follow-up time in years of each patient. The age-adjusted incidence of stroke, cerebral infarction, and cerebral hemorrhage is presented per 100,000 person-years. Cox proportional hazards analysis adjusted for age, sex, SBP, DBP, BMI, LDL cholesterol, HDL cholesterol, triglycerides, and history of smoking was performed to study how DN and SDR affected the risk of stroke, cerebral infarction, cerebral hemorrhage, and lacunar infarction. The results are presented as hazard ratio (HR) with 95% CI. The proportion of lacunar infarction of the total infarctions across DN groups and SDR was calculated to assess the association of these diabetes complications and lacunar infarction. P , 0.05 was considered statistically significant. All analyses were performed with SPSS statistical software 19.0 (IBM Corporation, Armonk, NY).
RESULTSdOf the 4,083 patients included in the analyses, 149 (4%) patients suffered an incident stroke between the years 1998 and 2010. Of the strokes, 105 (70%) were cerebral infarctions and 44 (30%) were cerebral hemorrhages. Table 1 shows the baseline characteristics of the patients with no stroke, cerebral infarction, and cerebral hemorrhage during follow-up. Those with a stroke were older, had a longer duration of diabetes, and had more DN and SDR at baseline. Patients who suffered a cerebral infarction compared with patients who suffered a cerebral care.diabetesjournals.org DIABETES CARE, VOLUME 36, DECEMBER 2013 4141 hemorrhage were of the same age, had the same duration of diabetes, were the same proportion of men, and had the same proportion of DN and SDR at baseline. Macroalbuminuria was more common in patients with cerebral infarction, whereas ESRD was more common in those with cerebral hemorrhage.
Cerebral infarction was more common among men, whereas no sex difference was found for cerebral hemorrhage, P = 0.101 (Table 1) . After adjustment for DN in a Cox proportional hazards analysis, male sex did not affect the risk of Of all the incident strokes, 4 (4%) infarctions and 16 (36%) hemorrhages were fatal, P , 0.001. Of the cerebral infarctions, 58 (55%) were lacunar infarctions. Of the cerebral hemorrhages, 25 (57%) were deep spontaneous, 4 (9%) were lobar, and 15 (34%) were hemorrhages in the subarachnoid space. Brain and blood vessel imaging was performed equally commonly on the two groups with stroke, whereas echocardiogram was performed more commonly on those with cerebral infarction, P = 0.004. The majority of the patients in both groups with stroke were treated at university (tertiary referral hospital) or central (secondary referral hospital) hospitals (Table 1) .
Incidence
The mean follow-up time was 9.0 6 2.7 years, and the total person-years of followup was 36,680. The incidence of stroke was 406 (95% CI 344-477) per 100,000 person-years. The incidence of cerebral infarction was 286 (234-347) per 100,000 person-years, and that of cerebral hemorrhage was 120 (87-161) per 100,000 person-years. The incidence of stroke according to kidney status is shown in Table 2 . The incidence doubled with each stage of DN. A similar finding was seen in the adjusted Cox proportional hazards analysis with normal UAER as the reference group. The risk of stroke increased with each stage of DN, and if the patient had ESRD, the risk was 7.5-fold compared with normal UAER. For cerebral infarction, the risk was equally high in patients with macroalbuminuria and ESRD, whereas the risk of cerebral hemorrhage increased markedly in patients with ESRD ( Table 2 ). The incidence of stroke was markedly increased also in subjects with SDR, as shown in Table 2 . In the adjusted Cox proportional hazards analysis, the risk for stroke was 3.0-fold, for cerebral infarction 2.7-fold, and for cerebral hemorrhage 3.9-fold if the patient had SDR, compared with those without SDR.
To further clarify how DN and SDR affected the risk of stroke, we combined these two complications. Both diabetes complications alone independently increased the risk for total stroke, cerebral infarction, and cerebral hemorrhage. If the patient had both complications, the risk for all subtypes of stroke was increased, that is 6.1-fold for stroke, 5.7-fold for cerebral infarction, and 7.4-fold for cerebral hemorrhage ( infarction with DN and SDR, the proportion of lacunar infarctions of the total infarctions across DN groups and SDR was assessed. Of those with cerebral infarction and normal UAER, microalbuminuria, macroalbuminuria, or ESRD, the proportion of lacunar infarction was 53, 67, 57, and 46%, respectively, P = 0.587. In patients with SDR, the proportion of lacunar infarction was 56% compared with 55% if the patient was free of SDR, P = 0.930. The proportion of lacunar infarction in patients with no DN or SDR, only SDR, only DN, and both DN and SDR is shown in Fig. 1 .
CONCLUSIONSdIn this large observational follow-up study of 4,083 patients with type 1 diabetes and 36,680 personyears of follow-up, we were able to show that the incidence of both cerebral infarction and cerebral hemorrhage increased with the presence of both SDR and advancing DN. Furthermore, both DN and SDR alone independently increased the risk for all subtypes of stroke. Cerebral hemorrhage was more fatal than cerebral infarction. To our surprise, we could not observe any association of lacunar infarctions with DN and SDR. We found that two-thirds of the incident strokes were ischemic and onethird was hemorrhagic. This is consistent with the recent findings from the Pittsburgh Epidemiology of Diabetes Complications (EDC) Study of patients with type 1 diabetes; of 31 incident strokes, 21 (68%) were ischemic and 8 (26%) were hemorrhagic (15) . A similar ratio of ischemic versus hemorrhagic stroke has also been observed in the general population (16) and in patients with type 2 diabetes (17).
In our study, the incidence rates for stroke, cerebral infarction, and cerebral hemorrhage were 406, 286, and 120 per 100,000 person-years, respectively. These incidence rates are higher than in the Finnish general population, for whom the incidence of stroke varies between 135 and 236 per 100,000 person-years in subjects 25-74 years of age (18) . To date, data on the incidence of stroke and its subtypes in patients with type 1 diabetes are scarce and are derived from studies with rather few cases with stroke. The incidence rates in the Nurses' Health Study, including only women with type 1 diabetes and with a higher mean age than in our study, were 475 for stroke, 288 for ischemic stroke, and 43 for hemorrhagic stroke (2) . In the Pittsburgh EDC Study with younger patients with childhood onset of type 1 diabetes, the incidence for stroke was 310 per 100,000 person-years (15) . Although these incidence rates largely correspond with our findings, discrepancies in the incidence rates exist, especially for cerebral hemorrhage. These discrepancies may be attributed to the obvious age differences of the study populations, the methodology used for stroke classification, and the different number of strokes included in the studies.
In univariate analyses, proteinuria and DN have been shown to be associated with a 3-10-fold increased risk of stroke in type 1 diabetes (3, 13, 19) . In these studies, however, the stroke cases have been rather few or the DN status has been retrieved from registries. Recently, the Pittsburgh EDC Study showed that overt DN was strongly predictive of stroke and increased the risk more than fourfold, independent from SBP and non-HDL cholesterol levels (15) . In the current study, we confirmed that the risk of stroke is markedly increased in patients with DN. In addition, we were able to show that the risk of stroke is increased already at the stage of microalbuminuria. The incidence of stroke further increased, moving from one stage of DN to the next, and if the patient had ESRD, the risk was as high as eightfold. In contrast, in patients free of DN, the incidence of stroke was of the same magnitude as observed in the general population in Finland (18) .
To date, only one study has elucidated the impact of DN on the subtypes of stroke in type 1 diabetes. In the Pittsburgh EDC Study, overt DN increased the risk of ischemic stroke 4.4-fold, but not the risk for hemorrhagic stroke, possibly due to the low number of cases (15) . In contrast, in our study, we showed that DN increased the risk not only for cerebral infarction but also for cerebral hemorrhage, and the highest risk was observed in patients with ESRD. ESRD increases the risk of stroke, particularly that of ischemic stroke, in nondiabetic subjects (20) . It is noteworthy that in contrast to the data in nondiabetic subjects, we found the risk for cerebral hemorrhage to be considerably higher than for cerebral infarction. This finding is not surprising, since impaired renal function is known to be associated with increased risk of gastrointestinal bleeding (21) , as well as cerebral hemorrhage (22) . Both are linked to dysfunction of the platelets and the endothelium, the use of antiplatelet and anticoagulative medication, as well as anemia associated with chronic kidney disease and uremia (23) .
A novel finding of the current study was that SDR, independently from DN, associated with an increased risk of both incident cerebral infarction and cerebral hemorrhage. The risk of these cerebral end points was the highest in those with both DN and SDR. Diabetic retinopathy has been shown to increase the risk for ischemic stroke in type 2 diabetes (24); in that study, DN was not, however, taken into account. In type 2 diabetes, an independent association of proliferative retinopathy and nephropathy on the risk of stroke has only been shown in studies where stroke has been pooled to a common cardiovascular end point and no subanalyses for stroke have been performed (25, 26) . Our finding of SDR and DN as independent risk factors for stroke is consistent with earlier findings that the vasculature of the retina (27) and the kidney (28) show partly similar pathophysiological features and mechanisms as the vasculature in the brain. Retinopathy and nephropathy have, therefore, been suggested to be early surrogate markers for cerebrovascular changes before any such changes are visibly manifested on CT or MR images of the brain.
Although the incidence of lacunar infarctions increased with worsening DN and presence of SDR, surprisingly, we did not find a higher proportion of lacunar infarctions in patients with DN and/or SDR. One possible explanation for this could be the fact that asymptomatic microvascular lesions are common also in the patients with nonlacunar infarctions. Our methodology did not, however, allow us to study this in further detail, since the brain imaging technique performed varied between the patients, and the best method available, MR imaging, was performed only in 27% of the patients with cerebral infarction. Asymptomatic cerebral small vessel disease, diagnosed based on MR imaging, has been associated with chronic kidney disease, irrespective of the presence of diabetes (10) . In addition, abnormalities in the retinal vasculature have been shown to be more common in patients with lacunar stroke than in any other stroke subtype (9) . This association was observed especially for changes in the vasculature, such as focal arteriolar narrowing and arteriovenous nicking, whereas retinopathy signs were not associated with lacunar stroke in an analysis adjusted for the presence of diabetes. This highlights the importance of a thorough retinal examination in studying the association of SDR with lacunar infarctions. In the current study, SDR was, however, defined based solely on the presence of retinal laser treatment, and therefore milder forms of diabetic retinopathy and specific retinal vascular changes could not be considered.
The current study has some other limitations as well. Cerebral infarctions can be asymptomatic (silent or covert infarctions); therefore, some of the patients in the control group may have suffered an asymptomatic stroke without our knowledge. Nevertheless, we are convinced that all the included patients with an incident stroke indeed suffered a symptomatic stroke during follow-up, since all strokes were ascertained and thoroughly classified by experts in the field, based on medical records, brain images, or autopsy reports. Moreover, all of the patients have been closely examined by their attending physicians, and their DN status has been classified based on standard methods. It is noteworthy that the number of incident stroke cases in this study is the largest existing to this date, which allowed us to further characterize the stroke subtypes in patients with type 1 diabetes and to elucidate the impact of DN and SDR on these subtypes.
In conclusion, we showed that in patients with type 1 diabetes, DN is strongly associated with a higher incidence of stroke and its major subtypes cerebral infarction and cerebral hemorrhage. A novel finding was that SDR, independently from DN, increased the risk of both stroke subtypes. Early detection and treatment, as well as specific interventions, targeting the pathophysiological changes in the kidney and the retina could possibly lead to a decrease in the incidence of stroke in type 1 diabetes.
